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Abstract 
The enamel ultrastructure of multituber-
culate mammals has been sampled extensively and 
studied intensively and is better known than for 
any other group of early mammals. The enamel of 
the earliest multituberculates, those of the Late 
Triassic-Early Jurassic suborder Haramiyoidea and 
the Late Jurassic-early Early Cretaceous suborder 
Plagiaulacoidea, is "preprismatic." With only 
two exceptions, all Late Cretaceous and early 
Tertiary genera of multituberculates examined 
have prismatic enamel. Prisms are either small 
with circular (complete) boundaries or large with 
arc-shaped (incomplete) boundaries. There is a 
remarkably consistent relationship between enamel 
ultrastructural type and subordinal taxa in that 
small, circular prisms are usually found within 
the suborder Ptilodontoidea and large, arc-shaped 
prisms are usually found in the suborder Taenio-
labidoidea and in six Late Cretaceous-Early 
Tertiary genera of indeterminate subordinal 
status. 
Research currently in progress suggests that 
both small, circular prisms and large, arc-shaped 
prisms are homologous in all multituberculates in 
which they occur, with one exception. Neolio-
tomus, a taeniolabidoid, appears to have evolved 
small, circular prisms independently. In addi-
tion, it appears that large, arc-shaped prisms 
represent the primitive condition in multituber-
culates with prismatic enamel, not small, circ-
ular prisms as has been proposed previously. 
KEY WORDS: Enamel ultrastructure, multituber-
culates, mammals, phylogeny, cladistics, homo-
logy, polarity, Mesozoic, Paleogene, variability 
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Introduction 
The enamel ultrastructure of multituber-
culate mammals has been sampled extensively and 
studied intensively; it is better known than for 
any other group of early mammals, and perhaps for 
any other group of fossil mammals save hominoids. 
Only recently, with the advent of technological 
advances in scanning electron microscopy, have 
concerted efforts been made to investigate 
systematically the enamel ultrastructure of 
mammals for the purpose of providing a new and 
independent data set with which to test phylo-
genetic hypotheses based on gross morphological 
characters alone (e.g., Gantt et al. 1977; Boyde 
1978; Vrba and Grine 1978; Gantt 1980, 1983; von 
Koenigswald 1982; Boyde and Martin 1984a, b; 
Grine et al., 1986a). Historically, multituber-
culate phylogeny has been determined almost 
exclusively on the basis of a few gross dental 
characters that have proven inadequate to dis-
criminate consistently between higher taxa. 
Cranial and postcranial characters are imprac-
tical to employ in phylogenetic analyses of 
multituberculates because adequate material is 
rare. Thus, multituberculates have served as the 
focus of considerable research on enamel ultra-
structure because, even though they were among 
the most evolutionarily successful and taxonom-
ically long-lived of early mammals, their taxon-
omy and systematics have been, and still are, in 
disarray. 
The objectives of this paper are to review 
and discuss what has been learned from past 
studies about the enamel ultrastructure of the 
Multituberculata, to re-evaluate some of that 
work in the light of previously unpublished data, 
and to present some preliminary conclusions 
concerning the homology and polarity of multi-
tuberculate enamel ultrastructural characters. 
In addition, we wish to suggest some areas for 
future research on these subjects. But first it 
is necessary to provide, as background infor-
mation, a brief account of the evolutionary 
history and paleobiological attributes of multi-
tuberculates. 
What Are Multituberculates? 
The Multituberculata is the longest-lived 
order of mammals. Their known geologic record is 
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from the Late Triassic to the early Oligocene, an 
interval of over 150 million years. Multituber-
culates, unlike their dinosaurian contemporaries, 
survived the Cretaceous-Tertiary boundary with 
little apparent ill effect (Archibald 1983). 
Representatives of the order have been found only 
on northern continents: in the Late Jurassic to 
early Oligocene of North America, in the Late 
Triassic to early Eocene of Europe, and in the 
Early Cretaceous to early Eocene of Asia (Clemens 
and Kielan-Jaworowska 1979; Hahn and Hahn 1983). 
The Order Multituberculata is both a taxonomical-
ly diverse and numerically abundant group that 
includes 57 named genera and over 140 named 
species (Hahn and Hahn 1983). During the Late 
Cretaceous, they comprised as much as 75% of the 
individuals in mammalian local faunas (Van Valen 
and Sloan 1966). They appear to have attained 
peak species diversity in the middle Paleocene, 
approximately 60 million years before present 
(Van Valen and Sloan 1966; Krause 1980). 
The relationships of multituberculates to 
other higher taxa of mammals are obscure. They 
have long been grouped with docodonts, tricono-
donts, and monotremes as nontherian mammals, a 
taxonomic arrangement that has recently been 
challenged (e.g., Presley 1981; Kemp 1982, 1983; 
Archer et al. 1985). 
The Order Multituberculata is generally 
divided into three suborders: Plagiaulacoidea, 
Ptilodontoidea, and Taeniolabidoidea. Most 
workers (e.g., Hahn 1973; McKenna 1975; Sloan 
1979) also include an enigmatic and poorly known 
Late Triassic and Early Jurassic (possibly middle 
Jurassic) group from Europe, the suborder Hara-
miyoidea, in the Multituberculata (a possible 
haramiyid has been described recently from the 
Late Triassic/Early Jurassic of North America 
(Jenkins et al. 1983)). The Plagiaulacoidea are 
a Late Jurassic to Early Cretaceous group con-
taining 13 genera, the Ptilodontoidea a Late 
Cretaceous to early Oligocene group also con-
taining 13 genera, and the Taeniolabidoidea a 
Late Cretaceous to early Eocene group containing 
20 genera. Eight Late Cretaceous and early 
Tertiary genera (Allacodon, Cimexomys, Cimolomys, 
Essonodon, Hainina, Meniscoessus, Paracimexomys, 
and Viridomys), most of which, until recently, 
were included in either the Ptilodontoidea or 
Taeniolabidoidea, are currently placed in Sub-
order incertae sedis. Table 1, based upon a 
compilation by Hahn and Hahn (1983), presents the 
most recent comprehensive classification of all 
genera currently allocated to the Multitubercu-
lata. 
Multituberculates are so-named because of 
the possession of multiple cusps, arranged in 
longitudinal rows, on the molars. Plagiaulacoids 
are characterized by a greater number of incisors 
and premolars than later forms, ptilodontoids by 
an enlarged, blade-like lower fourth premolar, 
and taeniolabidoids by a restricted band of 
enamel on the lower incisor (Fig. 1). Hara-
miyoids are known only from isolated molariform 
teeth that closely resemble those of other 
multituberculates. 
Multituberculates were typically small 
mammals, most of them falling within the body 
size range of modern shrews and mice. Some 
7592 
Table 1. Classification of multituberculates 























Anconodon, Cimolodon, Liotomus 
Family NEOPLAGIAULACIDAE 

























Cimolomys, Meniscoessus, ?Essonodon 
Family indeterminate 
Allacodon, Cimexomys, Hainina, 
Paracimexomys, Viridomys 
fragmentary cranial material of ptilodontoids 
from North America suggests that these forms were 
nocturnal and that their dominant sense was 
olfaction rather than vision (Simpson 1937; 
Krause 1986). Although long considered to be 
folivorous mammals, it is clear that not all 
multituberculates were able to subsist on a diet 
of leaves (Krause 1982). Consideration of the 
physiological constraints of body size suggests 
that at least the smaller members of the order 
required more protein than is afforded through 
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Figure 1. Representative cranial and dental 
morphology of the three major suborders of 
Multituberculata, exclusive of the suborder 
Haramiyoidea. For each suborder the upper 
dentition is depicted in occlusal (top) and 
buccal (bottom) views on the left; the lower 
dentition is depicted in occlusal (top) and 
buccal (bottom) views on the right. Represen-
tative plagiaulacoid is based largely on Ctena-
codon (see Simpson 1929 - Figs. 4-7 and Plate III 
Fig. 1), but the upper anterior dentition (to th~ 
left of the dashed line) is based on Kuehneodon 
(see Hahn 1969, Fig. 20); ptilodontoid based on 
Ptilodus and redrawn from Simpson (1937 - Figs. 4 
and 6) and Krause (1982 - Fig. 2); taeniolabidoid 
based on Taeniolabis and redrawn from Granger and 
Simpson (1929 - Figs. 4, 6, and 8). 
folivory. Furthermore, analysis of various 
aspects of dental morphology and microwear 
indicates that at least those forms that had 
large, blade-like posterior premolars in the 
lower dentition (primarily members of the sub-
order Ptilodontoidea) ingested large, hard food 
items, possibly seeds and nuts. What little is 
known of their postcranial anatomy suggests that 
multituberculates, at least those known from 
North America, were arboreal (Jenkins and Krause 
1983; Krause and Jenkins 1983). 
Multituberculate Enamel Ultrastructure 
Prismatic. Pseudoprismatic, Preprismatic, and/or 
Nonprismatic? 
Multituberculate enamel has been variously 
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described as prismatic (discontinuous), nonpris-
matic (continuous, prismless, aprismatic), 
pseudoprismatic, and/or preprismatic. Although 
prismatic and nonprismatic enamels can be easily 
distinguished, the definitions of pseudoprismatic 
and preprismatic enamels are less clear (Osborn 
and Hillman 1979; Frank et al. 1984; Grine et 
al., in prep.). In any case, there appears to be 
a discrete type of enamel ultrastructure found in 
certain mammals and reptiles in which prism 
boundaries are not clearly delineated (as they 
are in prismatic enamels) but in which the 
orientation of the £·axes of the hydroxyapatite 
crystallites are not all parallel (as they are in 
nonprismatic enamels). Until the terminological 
difficulties concerning this type of ultrastruc-
ture are resolved (Grine et al., in prep.), we 
refer to this type as "preprismatic" enamel but 
recognize that the term may have inappropriate 
developmental and phylogenetic connotations. 
Prismatic enamel in multituberculates was 
initially discovered by Carter (1922:605), who 
noted, and clearly illustrated (his Plate VII: 
Figs. 2-4) , "a series of horseshoe-shaped bodies" 
(i.e., prisms) in the enamel of Polymastodon, now 
considered a junior synonym of the taeniolabidoid 
Taeniolabis. Carter's important early findings, 
although his paper was cited by Moss (1969) and 
Sahni (1979), have been ignored by these and all 
subsequent students of multituberculate enamel. 
Moss (1969) utilized transmitted, phase 
contrast, and polarized light microscopy to 
examine dental material of the following multi-
tuberculates: a Late Jurassic plagiaulacoid, a 
presumed plagiaulacoid from the Early Cretaceous, 
Meniscoessus (Late Cretaceous - Suborder incertae 
sedis), Cimolodon (Late Cretaceous - Suborder 
Ptilodontoidea), Taeniolabis (Paleocene - Sub-
order Taeniolabidoidea), Ectypodus (Paleocene-Eo-
cene - Suborder Ptilodontoidea), and two generi-
cally unidentified forms from the Late Cretaceous 
and Paleocene. Moss (1969:6) confirmed prelimi-
nary observations by Poole (1967) and by Moss and 
Kermack (1967) that the enamel of multituber-
culates, indeed that of all of the earliest 
mammals, "is non-prismatic or continuous in 
structure, and thus it resembles, but is not 
identical with, the enamel structure of advanced 
mammal-like reptiles." Moss (1969) reiterated 
this conclusion stating: "In the non-therian line 
of mammalian evolution I found no evidence of 
prismatic enamel in any fossil tooth" (p. 6) and 
that "non-therians did not evolve prismatic 
structure at any time" (p. 35). Moss (1969: 16 
and figure 12), in fact, noted "a series of 
alternating hemispheres" in the enamel of Menis-
coessus but did not recognize that they we~ 
indeed prisms. 
Fosse et al. (1973), the first workers to 
utilize scanning electron microscopy in the 
analysis of multituberculate enamel ultrastruc-
ture, rediscovered prismatic enamel in the order 
during a survey of six unidentified Late Creta-
ceous multituberculate teeth, thereby confirming 
Carter's (1922) earlier observations and contra-
dicting those of Poole (1967), Moss and Kermack 
(1967), and Moss (1969). Prismatic enamel has 
since been found in every Late Cretaceous and 
early Tertiary multituberculate genus examined 
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(Fosse et al. 1978, 1985; Osborn and Hillman 
1979; Sahni 1979; Carlson and Krause 1982, 1985), 
with two exceptions: Viridomys, a Late Cretaceous 
form of indeterminate subordinal status, and an 
unidentified ?taeniolabidoid from the early Late 
Cretaceous of North America (see Krause and Baird 
1979). The enamel of Viridomys was described as 
apparently nonprismatic by Carlson and Krause 
(1985) but with the qualification that only one 
small area on a single fragmentary tooth had been 
examined (because of the rarity of available 
material) and that more specimens needed to be 
studied. Although not yet described, prisms are 
also apparently lacking in the fragmentary 
incisor of the early Late Cretaceous unidentified 
?taeniolabidoid (Carlson and Krause,in prep.). 
In all cases where prismatic enamel has been 
found in multituberculates, there is also an 
unusually large proportion of interprismatic 
material, relative to that found in modern 
therians (Fosse et al. 1973, 1978, 1985; Osborn 
and Hillman 1979; Sahni 1979; Carlson and Krause 
1985). 
Frank and Sigogneau-Russell (1984) and Frank 
et al. (1984) recently surveyed the enamel 
ultrastructure of haramiyoid teeth and found it 
to be "preprismatic." Fosse et al. (1985) 
discovered a similar type of enamel ultrastruc-
ture lacking discrete prism boundaries in two 
genera of plagiaulacoid multituberculates from 
the Late Jurassic of Europe. Preliminary exami-
nation of two specimens of Late Jurassic multi-
tuberculates from North America (one of Psalodon 
and the other unidentified) also reveals that 
distinct prism boundaries are absent (Carlson and 
Krause,in prep.). 
It is pertinent to point out that there is a 
large temporal gap, of over 50 million years, 
between the last undoubted plagiaulacoid (early 
Early Cretaceous) and the earliest undoubted 
taeniolabidoid (late Late Cretaceous). Fortu-
nately, multituberculate specimens of intermedi-
ate age (late Early Cretaceous and early Late 
Cretaceous) are known but these are still largely 
unstudied. As mentioned above, the early Late 
Cretaceous unidentified ?taeniolabidoid does not 
appear to have prismatic enamel. Specimens of 
late Early Cretaceous age are known from the 
Khovboor fauna of Mongolia and the Trinity fauna 
of Texas (see Clemens et al. 1979). Fosse et al. 
(1985) determined that the Khovboor multitubercu-
late Arginbaatar does indeed have prismatic 
enamel, as does a generically unidentified form 
from the same locality. Similarly, a preliminary 
survey of the Trinity multituberculates shows 
that they have prismatic enamel (Krause et al., 
in prep.). The presence of prismatic enamel in 
late Early Cretaceous multituberculates predates, 
by approximately 25-30 million years, the previ-
ously reported earliest occurrence of prismatic 
enamel in multituberculates. 
In sum, therefore, it appears that, with 
only two possible exceptions, all known Late 
Cretaceous and early Tertiary multituberculates 
possess prismatic enamel (contra Moss 1969). In 
addition, the enamel of late Early Cretaceous 
multituberculates from both North America and 
Asia is prismatic. The Late Triassic and Early 
Jurassic Haramiyoidea and the Late Jurassic and 
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early Early Cretaceous Plagiaulacoidea appear to 
have "preprismatic" enamel. 
Prism size, shape, and density 
A number of studies have defined and docu-
mented quantitative parameters of mammalian 
enamel ultrastructure (e.g., Marcus 1931; Eisen-
berg 1938; Fosse 1968a, 1968b; Boyde 1969a; Boyde 
and Martin 1982; Grine et al. 1986b), but such 
parameters have seldom been employed in phyloge-
netic analyses. In contrast, quantitative data 
on enamel ultrastructure have been utilized to a 
considerable extent in multituberculate taxonomy 
and systematics (Fosse et al. 1973, 1978, 1985; 
Sahni 1979; Carlson and Krause 1982, 1985). Two 
reasons account for this disproportionate use: 
1) qualitative parameters such as prism packing 
patterns and the degree of prism decussation 
cannot be consistently employed in multituber-
culate enamel because of the irregular distri-
bution of prisms and because of the lack of 
decussation, respectively (see below), and 2) 
there is a greater range of prism and inferred 
ameloblast sizes within multituberculates than is 
known for any other higher taxon of mammals. 
Carter (1922: 605) noted that "The enamel 
pattern of the Multituberculates is quite dis-
tinctive, and differs fundamentally from all 
others which I have examined." He also noted 
that Ptilodus, a ptilodontoid, possesses "an 
enamel pattern similar to, but by no means 
identical with, that of Polymastodon." Fosse et 
al. (1973) quantified several parameters of 
enamel ultrastructure in a small sample of 
generically unidentified multituberculates from a 
Late Cretaceous locality in North America. They 
demonstrated that prism diameter and the distance 
between the centers of adjacent prisms, which is 
equivalent to the diameter of an ameloblast, was 
larger than known for any extant mammal (Boyde 
and Martin (1984b) have since identified very 
large prisms in the extinct hominoid primate 
Proconsul major). All of the specimens examined 
by Fosse et al. (1973) have center-to-center 
distances between prisms that are almost three 
times larger (x = 16.15 j-llll) than the same mea-
surement in marsupial enamel (x = 5.61 )-lffi). 
Correspon1ingly, prism density (x = 4,500 
prisms/mm) is approximately one-n~nth that seen 
in marsupial enamel (x - 37,825/mm ). 
In a subsequent study, Fosse et al. (1978) 
examined four additional (but this time specifi-
cally identified) multituberculate teeth from the 
same Late Cretaceous locality. Represented were 
specimens of the taeniolabidoids Catopsalis and 
Stygimys and the ptilodontoid Mesodma. Fosse et 
al. (1978) determined that the distance between 
centers of prisms in Catopsalis and Stygimys was 
comparable to that observed in the unidentified 
teeth in their earlier study but that, in Mesod-
ma, the center-to-center distance was much less 
(that is, similar to that seen in extant mam-
mals). Thus, Fosse et al. concluded that "mutual 
central distances are much greater in the repre-
sentatives of Taeniolabidoidea than in the 
representatives of Ptilodontoidea." 
Sahni (1979) examined the enamel ultrastruc-
ture of six multituberculate genera from the same 
Late Cretaceous locality using scanning electron 
microscopy. In addition to the three genera 
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examined by Fosse et al. (1978), Sahni (1979) 
studied specimens of Cimexomys, Cimolodon, and 
Meniscoessus. Sahni noted, as had Fosse et al. 
(1973), that the prisms of multituberculates were 
large, approximately twice as large as those of 
fossil and Recent placentals. The values ob-
tained by Sahni (1979) are often at variance with 
those obtained by Fosse et al. (1978, 1985) and 
by Carlson and Krause (1985); Fosse et al. (1985) 
have demonstrated that measurements of Sahni's 
published figures do not yield the results that 
he obtained. 
Carlson and Krause (1985) obtained quanti-
tative data on the enamel ultrastructure of all 
13 recognized ptilodontoid genera, 12 of the 20 
taeniolabidoid genera, and six of the eight 
genera placed in Suborder incertae sedis (the 
taxonomic validity of one of the genera, Allaco-
don, is questionable and, as mentioned previous-
ly, Viridomys does not appear to have prismatic 
enamel). Fosse et al. (1985), in addition to 
examining some of the same genera studied by 
Carlson and Krause (1985), added information on 
three more taeniolabidoid genera (Chulsanbaatar, 
Neme~tbaatar, and Kamptobaatar). As a conse-
quence, data on the enamel ultrastructure of 34 
of the 41 recognized genera of Late Cretaceous 
and early Tertiary multituberculates are avail-
able for analysis. 
Here we present a selection of those quanti-
tative parameters that are regarded as the most 
valuable in interpreting differences in the 
ultrastructure of prismatic enamel and for 
inferring details of development of the enamel 
(these parameters are explained in greater detail 
by Fosse (1968a, b) and Grine et al. (1986b)). The 
parameters used for comparative analysis in the 
present study, with citation of those workers who 
employed them in the past (if any), include the 
following: 
a) Prism diameter (PDi) - Sahni (1979), 
Carlson and Krause (1982, 1985). This value is 
directly measured on scanning electron micro-
graphs of sections tangential to the enamel 
surface as the maximum diameter between prism 
boundaries perpendicular to the apicocervical 
axis of the tooth crown. 
b) Numerical prism density per mm
2 
(PDe) 
Fosse et al. (1973, 1978, 1985), Sahni (1979), 
Carlson and Krause (1985). The basic unit 
describing prism density is a triangle with sides 
plotted between the centers of three closely 
adjacent prisms (Fig. 2). Two such triangles 
with one side in common constitute a parallelo-
gram. As a result, there are as many parallelo-
grams as there are prisms in a given area. 
Therefore, measuring the areas o~ a number of 
paralle 2ograms and dividing 1 mm (transformed 2 
into µm's) by the mean parallelogram 2rea in µm 
will yield the number of prisms per mm. Since 
prisms, particularly in multituberculates, are 
never arranged in a precisely regular geometrical 
pattern, tetragons, not parallelograms, are 
employed to describe the relationship between the 
centers of four adjacent prisms. Therefore, in 
order to "idealize" prism spacing, the mean area 
of a parallelogram is determined by measuring the 
sides of several triangles, calculating the mean 
area of the triangles, and doubling it. 
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Figure 2. Model of congruent, contiguous circles 
in symmetrical hexagonal distribution represen-
ting an idealized prism packing pattern (Pattern 
1 or 3). The centers of each circle represent 
the centers of prisms. Sides d, y, and x of 
triangle ADE represent distances between prism 
centers and h represents the height of triangle 
ADE. B, C, E, and F designate the angles of a 
parallelogram formed by two triangles with one 
side in common. Each such parallelogram is 
equivalent in area to the secretory territory of 
one ameloblast and the shaded area is equivalent 
to the area of a single prism. The number of 
such parallelograms equals the number of circles 
(in this case, prisms) per unit area. See text 
for additional explanation. (Adapted from Fosse 
1968a, Fig. 1). 
In this study, the distances between the 
centers of any three adjacent prisms were mea-
sured on transparent acetate sheets on which the 
centers of prisms had been plotted directly from 
scanning electron micrographs of tangential 
sections of enamel. They were measured by means 
of a Fowler digital caliper connected to a Fowler 
EDP microprinter. As pointed out by Fosse et al. 
(1973), it would be preferable to take sections 
along the incremental lines that demarcate the 
developing surface of the enamel. However, since 
incremental lines are difficult to consistently 
detect in multituberculate enamel and since 
destructive longitudinal sections were generally 
not taken, all measurements were taken on sec-
tions that were tangential to the enamel surface. 
The enamel of multituberculates is thin and Fosse 
et al. (1973) have calculated that the errors of 
measurement in tangential sections of such thin 
enamel are probably less than 1%. 
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Figure 3. a) Frequency distribution of prism 
size (diameter) and shape among 31 Late Cretace-
ous and Early Tertiary multituberculate genera. 
b) The same distribution of prism size indicating 
previous subordinal assignment of individual 
genera (Hahn and Hahn 1983). Note that the 
bimodal distribution consists of ptilodontoid 
genera with small, circular prisms on the left 
and taeniolabidoid and Suborder indeterminate 
genera with large, arc-shaped prisms on the 
right. Notable exceptions to this pattern 
include Boffius (~). Cimolodon (Q), Microcosmodon 
(tl), Neoliotomus (N), and Xyronomys (X) (see text 
for additional explanation). Data from Table 2. 
The three distances measured on adjacent 
prisms were d, y, and x, each of which represents 
the side of a triangle (Fig. 2). In order to be 
consistent, d was always taken as near to hori-
zontal as possible and y and x were the consecu-
tive counterclockwise directions. The mean 
values of d, y, and x were then used
2
to compute 
numerical prism density (PDe) per mm using 
Fosse's (1968a) equation II: 
2 X 106 
PDe - ;,-=-;;-:-,;~~'""'"""~-~=-,;...,~ ( 1) v~~2~2-~-(~2-~-~2-~-~2;2----
c) Computed central distance between prisms 
iQD_ - Fosse et al. (1973, 1978, 1985). Even in 
the most geometrically regular enamels, a precise 
hexagonal closest packing arrangement (as illus-
trated in Fig. 2) is never attained and thus the 
central distances between three adjacent prisms 
will never consistently form equilateral trian-
gles. The three central distances (d, y, and x) 
cannot be averaged to obtain an arithmetic mean 
central distance since this computation will 




■- Suborder Ptilodontoidea 
□- Suborder Taeniolabidoideo 
@-suborder indeterminate 
20 2.2 2.4 2.6 2.8 3.0 
Ln Computed Central Distance ( JJ m) 
3.2 34 
Figure 4. Frequency distribution of computed 
central distance between contiguous prisms among 
34 Late Cretaceous and Early Tertiary multituber-
culate genera. The computed central distance 
between contiguous prisms is generally small in 
genera of the Suborder Ptilodontoidea and gener-
ally large in genera of the Suborder Taeniolabi-
doidea. The six indeterminate genera group with 
those of the Suborder Taeniolabidoidea. Notable 
exceptions to this pattern include Boffius (~). 
Cimolodon (Q), Microcosmodon (tl), Neoliotomus 
(N), and Xyronomys (X) (see text for additional 
explanation). Data from Table 2. 
large. Therefore, the central distance of 
equilateral triangles is computed by first 
determining the height of the triangle with sides 
d, y, and x. This is calculated from Fosse's 
equation III: 
h = ---------------------------- (2) 
2d 
The new value, h, which represents the height of 
an idealized equilateral triangle,can be used to 
calculate the central distance (CD) between the 
corners of an idealized equilateral triangle with 
based as follows (Fosse's equation VI): 
(3) 
d) Cross-sectional Prism Area (PA) - This 
value was derived by directly tracing, on acetate 
sheets, the outlines of prisms with a Graf/Pen 
Sonic Digitizer (Science Accessories Corpora-
tion), which was programmed to automatically 
calculate the areas of irregular geometrical 
figures. This procedure is preferable to that 
used by Sahni (1979) and Carlson and Krause 
(1985) in which prism diameter was simply squared 
to obtain prism area. 
e) Cross-sectional Ameloblast Area (AA) -
Fosse et al. (1985). The area of the secretory 
territory of an ameloblast (represented by the 
area of a parallelogram) theoretically represents 
an area equivalent to one prism (shaded area in 
Fig. 2) with its surrounding interprismatic 
material. Arneloblast area was calculated simply 
by multiplying the average base (d) by the 
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Figure 5. Frequency distribution of prism area 
among 31 Late Cretaceous and Early Tertiary 
multituberculate genera. Prism area is generally 
small in genera of the Suborder Ptilodontoidea 
and generally large in genera of the Suborder 
Taeniolabidoidea. The six indeterminate genera 
group with those of the Suborder Taeniolabidoid-
ea. Notable exceptions to this pattern include 
Boffius (~), Cimolodon (~), Microcosmodon (tl), 
Neoliotomus (~), and Xyronomys (X) (see text for 
additional explanation). Data from Table 2. 
computed height (h). 
f) Ratio of Prism Area to Ameloblast Area 
(PA/AA) - Carlson and Krause (1985). This value 
was calculated in order to quantify the relative 
amount of interprismatic material (1 minus the 
above ratio), which is generally high in multi-
tuberculates. 
A seventh value, K, which indicates the 
amount of vertical compression or distension 
between adjacent prisms, has not been calculated. 
Although this value appears to have some utility 
in differentiating between enamels of therian 
taxa (e.g., Grine et al., 1986a) and was initially 
used by Fosse et al. (1973, 1978) for multituber-
culates, multituberculate enamel is, in general, 
less regularly organized than that of therian 
mammals. K is thus ineffective as a diagnostic 
parameter. 
The data generated from the calculation of 
prism diameter, computed central distance, amelo-
blast area, prism area, prism area/ameloblast 
area, and prism density are presented in Table 2. 
Generic averages for prism diameter, computed 
central distance, prism area, and prism 
area/ameloblast area are graphically depicted by 
histograms in Figs. 3-6 (histograms for amelo-
blast area and prism density are unnecessary 
since they are almost identical to that for 
computed central distance). As determined by 
Carlson and Krause (1985), there appears to be a 
remarkably consistent relationship between prism 
size and shape and subordinal distinctions among 
Late Cretaceous and early Tertiary multitubercu-
lates that have prismatic enamel. As depicted in 
Fig. 3, large, arc-shaped prisms are generally 
found in taeniolabidoids (e.g., Taeniolabis -
Fig. 7a) and small, circular prisms are generally 
found in ptilodontoids (e.g., Prochetodon - Fig. 
7b). The three additional taeniolabidoid genera 
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Figure 6. Frequency distribution of prism 
area/ameloblast area among 31 Late Cretaceous and 
Early Tertiary multituberculate genera. Multitu-
berculates, in general, display relatively small 
prism area relative to ameloblast area, that is, 
they have relatively large amounts of interpris-
matic material. Clear-cut subordinal distinc-
tions on the basis of this ratio, however, are 
absent. Boffius (~). Cimolodon (~). Microcosmo-
don (tl), Neoliotomus (~). and Xyronomys (X), 
Data from Table 2. 
the large, arc-shaped distribution, as do the 
genera of indeterminate subordinal status (Cimex-
omys. Cimolomys, Essonodon, Hainina, Meniscoessus 
- Fig. 7c, Paracimexomys). 
There are, however, several notable excep-
tions to the correlation of ultrastructural type 
and subordinal assignment on the basis of gross 
dental characters: 1) Cimolodon, a ptilodontoid, 
possesses large, arc-shaped prisms rather than 
small, circular prisms (Fig. 7d); 2) Neoliotomus, 
a taeniolabidoid, possesses small, circular 
prisms rather than large, arc-shaped prisms (Fig. 
7e); and 3) Microcosmodon, a taeniolabidoid, has 
a combination of both small, circular and small, 
arc-shaped prisms (Fig. 7f). The significance of 
the ultrastructural pattern seen in Microcosmodon 
cannot yet be explained and requires further 
analysis (Carlson and Krause, 1985) but the 
presence of more than one pattern in the same 
taxon is not unusual among therian mammals (e.g., 
Boyde and Martin 1982, 1984a, b; Fortelius 1985; 
Ishiyama 1984). In addition, Boffius, a purpor-
ted ptilodontoid, has large, arc-shaped prisms; 
its assignment to the Ptilodontoidea, however, 
was not based on diagnostic, associated material 
and is questionable (Vianey-Liaud 1979). Simi-
larly, Xyronomys, a purported taeniolabidoid, has 
small, circular prisms but its assignment to the 
Taeniolabidoidea was also not based on diagnos-
tic, associated material and is questionable 
(Rigby 1980). The latter two taxa therefore 
cannot be regarded as legitimate exceptions to 
the distribution of prism types among subordinal 
taxa. 
The distributions for computed central 
distance and prism area exhibit the same general 
D. W. Krause and S. J. Carlson 
Table 2. Measurements and calculations of various parameters of prismatic enamel in multituberculate 
mammals. PDi - pris2 diameter in µrn; CD - c~mputed central distance in >-112; AA - ameloblast cross-
sectional area in µrn PA - prism area in µm; PDe prism density per mm; I upper incisor; i -
lower incisor; P - upper premolar; p - lower premolar; M - upper molar; m - lower molar. Data for PDi 
are taken from Carlson and Krause (1985). All of the other data derive from measurements or calcula-
tions taken during the course of this study, except for those genera marked with*, which refers to 

























































































































































































































































































































Enamel Ultrastructure of Multituberculates 
Table 2 (continued) 
----------------- --- --- - -- - - - - - - - --- - - - -- - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - --- - - -- - - - -- - - - - - - - - -
Taxon Tooth PDi CD AA PA PA/AA PDe 




















































Hainina belgica Ml 
Paracimexomys magister Ml 
*Khovboor spec. GI PST 10/29 12 

























pattern (Figs. 4 and 5). Ptilodontoids, in 
general, have prism center-to-center distances 
and prism areas that are small relative to those 
of taeniolabidoids and genera of indeterminate 
subordinal status. The exceptions, in terms of 
shape of prisms, are the same as those listed 
above for prism diameter. 
The pattern for prism area/ameloblast area 
does not serve to distinguish suborders as well 
as the parameters already discussed (Fig. 6). 
The six genera of indeterminate subordinal status 
have less interprismatic material (x = 0.56, sd -
0.07) than do members of the Ptilodontoidea 
(excluding Boffius) (n = 12, x - 0.70, sd = 0.05) 
but taeniolabidoid genera (excluding Xyronomys) 
(n - 11, x - 0.64, sd - 0.08) overlap both ptilo-
dontoids and the indeterminate genera. These 
data serve to document that multituberculates do 
indeed have a large amount of interprismatic 
material (n - 31, x - 0.65, sd - 0.08); the 
enamel of almost all genera is comprised of more 
than 50% interprismatic material, and in some 
cases as much as 80%. Comparable data are 
largely unavailable for therian mammals. Grine 




















































































































































the proportionate amount of interprismatic 
material in deep, intermediate, and superficial 
levels in the enamel of Ovis aries (sheep) and 
Capra hircus (goat). On average, however, the 
proportionate amount of interprismatic matrix is 
only approximately 30% in Ovis aries and 35% in 
Capra hircus. 
1599 
Finally, it should be added that Fosse et 
al. (1985) provided quantitative information for 
the "preprismatic" enamel of two genera of 
plagiaulacoids and for the prismatic enamel of 
late Early Cretaceous multituberculates from 
Asia. The center-to-center distances between 
"preprisms" of plagiaulacoids are equivalent to 
those found between the prisms of most ptilodon-
toids. The late Early Cretaceous Asian multi-
tuberculates, however, have large, arc-shaped 
prisms, as in most taeniolabidoids. Similarly, 
the Trinity multituberculates from the late Early 
Cretaceous of North America possess large, 
arc-shaped prisms (Krause et al., in prep.). 
Prism Packing Patterns 
Boyde (1964, 1965, 1976) described three 
primary types of mammalian enamel ultrastructure 
designated Patterns 1, 2, and 3 (Fig. 8). These• 
D. W. Krause and S. J. Carlson 
Figure 7. Scanning electron rnicrographs of enamel ultrastructure in selected Late Cretaceous and Early 
Tertiary rnultituberculate genera. a) Taeniolabis - Suborder Taeniolabidoidea; b) Prochetodon - Suborder 
Ptilodontoidea; c) Meniscoessus - Suborder indeterminate; d) Cirnolodon - Suborder Ptilodontoidea; e) 
Neoliotornus - Suborder Taeniolabidoidea; and f) Microcosrnodon (Suborder Taeniolabidoidea). Bar - 10 µrn. 
patterns were hypothesized to reflect the three-
dimensional arrangement and shape of the Tornes' 
processes of the arneloblasts that secrete the 
enamel. When viewed in sections tangential to 
the enamel surface, Pattern 1 prisms are circular 
(complete prism boundaries), separated by a 
discrete and continuous interprisrnatic region, 
and are diagrammatically arranged in off-set 
horizontal rows. Pattern 2 and Pattern 3 prisms 
are arc-shaped (incomplete prism boundaries) but 
Pattern 2 prisms are aligned in apicocervical 
columns whereas Pattern 3 prisms are arranged in 
off-set horizontal rows. The open sides of 
Pattern 2 and 3 prisms are directed cervically; 
those of Pattern 2 therefore open onto or towards 
the apical boundary of the cervically adjacent 
prism whereas those of Pattern 3 are directed 
between the lateral boundaries of prisms in the 
cervically adjacent row. The number of arnelo-
blasts contributing to the formation of a single 
prism is one for Pattern 1, two for Pattern 2, 
and four for Pattern 3. Boyde (1969a) also 
determined that arneloblasts associated with 
Pattern 2 are consistently the smallest, those of 
Pattern 3 the largest, and those of Pattern 1 
intermediate in size. 
Sahni (1979) reported that, in the rnultitu-
berculate taxa he examined, the Pattern 1 ar-
rangement predominated, and that Pattern 2 was 
1600 
more abundant than Pattern 3, which was rare or 
perhaps even absent. Sahni's conclusions are 
puzzling in that five of the six taxa examined by 
him have since been found to exhibit arc-shaped 
prisms (Fosse et al. 1978; Carlson and Krause 
1985) and thus could not possibly conform to a 
Pattern 1 arrangement. Mesodrna is the only genus 
of the six illustrated by Sahni that could be 
described as having Pattern 1 enamel and even 
this genus has regions in which arc-shaped prisms 
predominate (Carlson and Krause 1985; Fosse et 
al. 1985). Later, Sahni (1985) suggested that 
Pattern 1 prisms are characteristic of ptilodon-
tid rnultituberculates (presumably ptilodontoids 
since Sahni did not examine specimens of ptilo-
dontids) and that arc-shaped prisms, separated by 
large interprisrnatic regions, were present in 
Stygirnys, a taeniolabidoid. Sahni (1985:140) 
asserted that the latter arrangement was not 
"strictly homologous to Pattern Three prisms as 
defined by Boyde (1964), as the latter have a 
poorly developed interprisrnatic phase" and 
therefore considered the pattern represented in 
Stygirnys "to be a modified version of Pattern 
Three" (no mention was made of Pattern 2 prisms). 
The amount of interprisrnatic material, however, 
does not affect the spatial arrangement of 
Pattern 3 prisms and hence there appears to be 
little justification for referring to the pattern 
Enamel Ultrastructure of Multituberculates 




Pattern 1 Pattern 2 Pattern 3 
Figure 8. Schematic representation of Boyde's 
(1965, 1969a) three patterns of enamel ultra-
structure. Forty-two prisms of each type are 
shown illustrating their relative sizes and 
spatial arrangement in tangential sections 
through the enamel. Hexagonal outlines represent 
the secretory territories of individual amelo-
blasts. Circular or arc-shaped lines depict 
prism boundaries. Stippled regions illustrate 
the area of an individual prism, in each of the 
three patterns (from Carlson and Krause, 1985, 
Fig. 3). 
in Stygimys as "a modified version of Pattern 
Three." 
No worker other than Sahni (1979) has 
systematically utilized Boyde's system of prism 
packing patterns to describe the spatial arrange-
ment of prisms in multituberculate enamel. The 
ultrastructure of multituberculate enamel is 
conspicuously less regular in its geometrical 
arrangement than is that of most other mammals. 
Consistent patterns of spatial arrangement are 
observable over very small areas only (Fosse et 
al. 1973; Carlson and Krause 1985). As detailed 
above, prismatic enamel in multituberculates can 
be divided into two types: 1) small and circular 
prisms, and 2) large and arc-shaped prisms. If 
the arrangement of prisms relative to one another 
are ignored and only aspects of size and shape 
are considered, then it would appear that Pat-
terns 1 (small and circular prisms) and 3 (large 
and arc-shaped prisms) are represented (Carlson 
and Krause 1985). Even considering spatial 
distributions, it appears that a Pattern 3 
arrangement, in which the large, arc-shaped 
prisms are distributed in offset horizontal rows, 
is more frequently observed than a Pattern 2 
arrangement (also see Fosse et al. 1973). 
Furthermore, even if it were accepted that the 
small, circular prisms should be designated 
Pattern 1 and the large, arc-shaped prisms should 
be designated Pattern 3, the increased sampling 
of multituberculate genera (Carlson and Krause 
1985; Fosse et al. 1985) reveals that "Pattern l" 
is not the predominate pattern (contra Sahni). 
Of a total of 31 genera with prismatic enamel 
sampled, 13 exhibit "Pattern l" prisms and 17 
exhibit "Pattern 3" prisms (Carlson and Krause 
1985). One genus (Microcosmodon) has small, 
circular and small, arc-shaped prisms. 
Prism Decussation 
Prism decussation refers to the phenomenon 
in which bands of prisms, expressed optically as 
alternating light and dark bands called Hunter-
Schreger bands, lie at distinct angles to one 
another as they pass towards the outer surface of 
1601 
the enamel (e.g., Kawai 1955; Boyde 1964, 1969b). 
The prisms in a single band are parallel to one 
another and bend from side to side (horizontal 
decussation) or up and down (vertical decussa-
tion) relative to the root-crown axis as they 
extend outwards towards the enamel surface. The 
orientation of prisms within each band is at an 
angle to prisms in adjacent bands. Bands may be 
a single layer thick (uniserial enamel) or 
several layers thick (multiserial and pauciserial 
enamels). The transition in orientation of 
prisms between bands is gradual in multiserial 
enamel and abrupt in uniserial and pauciserial 
types. 
It appears that true prism decussation is 
not present in the Multituberculata, despite the 
identification by Moss (1969:16) of "a possible 
decussating arrangement of the enamel bands" in 
the enamel of an unidentified Late Cretaceous 
multituberculate or the observation by Osborn and 
Hillman (1979:58) that prisms "crossed each other 
rarely" in Cretaceous mammals (including the 
multituberculates Stygimys and Catopsalis). 
Sahni (1979:42) identified bending of prisms in 
Mesodma incisors but stated that "there is no 
evidence of prism decussation" and, later (1984: 
459), that "there is no clearcut zonation caused 
by the crossing over of prisms." Carlson and 
Krause (1985) also observed distinct changes in 
orientation of prisms in lower incisors of 
Taeniolabis and Ptilodus but in neither case was 
there evidence of bands of prisms crossing over 
one another. 
Enamel Tubules 
Enamel tubules are radially-directed cylin-
ders present in the enamel of some, but not all, 
mammalian taxa, and in some mammal-like reptiles 
(Poole 1956; Moss 1969; Cooper and Poole 1973; 
Osborn and Hillman 1979). Their developmental 
origin is controversial (e.g., Boyde and Lester 
1967, 1984; Lester, 1970; Risnes and Fosse 1974; 
Osborn 1974). The presence of tubules in multi-
tuberculate enamel was first discovered by Carter 
(1922), who observed them in the genera Taenio-
labis and Ptilodus and referred to them as 
"tubes." Carter observed that the tubules pass 
across the enamel-dentine junction, from the 
dentine into the enamel. Moss (1969), Fosse et 
al. (1973), Osborn and Hillman (1979), and others 
have confirmed the presence of tubules in multi-
tuberculate enamel, that the tubules are direct 
extensions of dentinal tubules, and that they 
cross the enamel-dentine junction perpendicular-
ly, as in marsupials (Boyde and Lester 1967). 
The tubules are seen to have a "zig-zag" or 
spiral centrifugal course through the enamel and 
are found in both prism and interprism areas, 
also as seen in marsupials (Boyde and Lester 
1984) (Fig. 7). Moss (1969) and Sahni (1979) 
found the tubules confined to the inner layers of 
enamel, at least in some genera (e.g., Meniscoes-
fil!2.). Sahni (1979) further noted that tubules 
are largely restricted to interprismatic regions 
in the inner enamel, to prismatic regions at more 
superficial levels, and that, at intermediate 
enamel depths, tubules can be found in both prism 
and interprism areas. 
Enamel tubules have been recognized in 
plagiaulacoids (Moss 1969; Fosse et al. 1985), 
D. W. Krause and S. J. Carlson 
although in the two genera examined by Fosse et 
al. (1985: 444) they were described as "very 
scarce." Tubules are also present in the enamel 
of Late Cretaceous and Early Tertiary multituber-
culates (Fosse et al. 1978, 1985; Osborn and 
Hillman 1979; Sahni 1979; Carlson and Krause 
1985), as well as in the Early Cretaceous multi-
tuberculates from Texas (Moss 1969). Based on 
measurements of tubule diameter, tubule density, 
and tubule number/prism number, Sahni (1979:47) 
estimated that "tubules are more common and of 
larger diameter in taeniolabidoid multitubercu-
lates than in ptilodontoid and are usually 
restricted to the inner half of the enamel." 
While Sahni's data appear to support his conclu-
sions concerning tubule diameter (although only 
one ptilodontoid genus is represented in his 
sample), his data on tubule density are equivo-
cal. Mesodma, a ptilodontoid, is l~sted as 
having a tubule density of 6,000/mm; Cimexomys, 
then considered a ptilodontoid but now of inde-
terminat2 subordinal status, with a density of 
5,000/mm; Meniscoessus, then considered a 
taeniolabidoid but now of indeterminate su~-
ordinal status, with a density of 8,000/mm; and 
Catopsalis and Stygimys, both taeniol2bidoids, 
with densities of 28,500 and 2,500/mm, respec-
tively. These data are insufficient to establish 
clear-cut tendencies. 
Carlson and Krause (1985:10) in a survey of 
31 Late Cretaceous and early Tertiary genera with 
prismatic enamel concluded that the presence or 
location of enamel tubules "does not seem to vary 
in any consistent manner." They provided quali-
tative assessments of the relative abundance of 
tubules observed in scanning electron micrographs 
of tangential sections of the enamel. A summary 
of these assessments is recorded in Table 3. 
There appears to be little or no concordance 
between higher taxa and relative abundance of 
tubules. The vast majority of the genera sampled 
have no to few enamel tubules visible in SEM 
tangential sections. The relative abundance of 
enamel tubules, however, is not adequately 
assessed by means of tangential sections alone, 
especially if tubules are largely confined to the 
inner layers of enamel. Until a comparative 
survey at precisely specified depths in the 
enamel can be completed, conclusions concerning 
relative density of tubules must be tempered 
accordingly. 
Tubules were not observed by Frank et al. 
(1984) in the "preprismatic" enamel of harami-
yoids. Preprismatic enamel was defined, in part, 
as being devoid of enamel tubules (Frank et al. 
1984; Sigogneau-Russell et al. 1984). Poole 
(1957:364) stated that "tubular enamel possesses 
both prisms and tubules" and that "tubular enamel 
... must be considered to be a later special-
ization of the simpler prismatic type." Moss 
(1969), however, correctly pointed out that 
tubules are found in both nonprismatic and 
prismatic enamel. Their presence in the enamel 
of plagiaulacoids demonstrates that they exist in 
"preprismatic" enamel as well (Moss 1969; Fosse 
et al. 1985). 
Variability in Enamel Ultrastructural Parameters 
Although qualitative and quantitative 
parameters of mammalian enamel have been employed 
increasingly in phylogenetic analyses, the 
variability of these features has generally not 
received adequate consideration. A study of 
absolute and relative variability between two 
closely-related extant therian species, Ovis 
aries (sheep) and Capra hircus (goat) by Grine et 
al. (1986b), has revealed that measurements of 
enamel ultrastructure at undefined enamel depths 
in single specimens that are regarded as specifi-
cally or generically representative should be 
treated with circumspection. 
Carlson and Krause (1985) examined sources 
of variability in the enamel ultrastructure of 
multituberculates at a number of hierarchical 
levels: 1) different positions on a single tooth; 
2) different depths and orientations of a pre-
pared enamel surface; 3) different teeth from a 
single individual; 4) isolated teeth assigned to 
a single species; 5) between congeneric species; 
6) between genera; and 7) within supraspecific 
taxa. The technical difficulties of examining 
enamel as thin as in multituberculate teeth at 
precisely specified depths, and the impossibility 
(as with almost all fossil material) of obtaining 
large samples of conspecific teeth, precluded an 
analysis of the type performed by Grine et al. 
(1986b). Nonetheless, the study by Carlson and 
Krause (1985) demonstrated that, at intra-tooth, 
intra-individual, intra-specific, and intra-
generic levels, the ranges of variability in the 
ultrastructural parameters examined overlapped 
Table 3. Qualitative assessment of abundance of enamel tubules in Late Cretaceous and early Tertiary 
multituberculates according to Carlson and Krause (1985). Arranged alphabetically within each category 
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significantly. It is only above the species 
level that consistent differences in multituber-
culate enamel ultrastructure were detected. 
These differences are, in general, of such a 
magnitude that "noise" introduced by relatively 
imprecise sampling of enamel depth is insuffi-
cient to mask the differences at the generic 
level and above. 
Homology and Polarity of Enamel Ultrastructural 
~ 
Fosse et al. (1978, p. 60) proposed that the 
presence of "gigantoprismatic" enamel in taenio-
labidoids might be of "diagnostic value in 
multituberculate taxonomy" and suggested that 
other multituberculate genera should be examined. 
Later, Fosse et al. (1985) used the presence of 
gigantoprismatic enamel in cimolomyids to suggest 
that members of the family should be removed from 
Suborder incertae sedis and allied with the 
Taeniolabidoidea, to which the family was origi-
nally allocated by Sloan and Van Valen (1965). 
Sahni (1984, 1985) concluded that circular prisms 
are the most primitive prismatic type among 
mammals, implying that they are also primitive 
within multituberculates. Kozawa (1984:437) 
stated that "round-shaped enamel prisms which are 
surrounded by interprismatic enamel, and do not 
have the Schreger band ... are considered the 
early prismatic enamel pattern" and, further, 
that "the primitive prismatic enamel structure 
has irregularly arranged round prisms surrounded 
by broad interprismatic enamel." Similarly, 
Boyde and Martin (1984b:419) stated that "by 
outgroup comparison with the other mammalian 
orders, it appears probable that pattern 1 would 
be the primitive pattern for Mammalia." Martin 
(1981) came to a similar conclusion based on the 
purported presence of Pattern 1 enamel in the 
Late Triassic triconodont Eozostrodon (Grine et 
al. 1979). However, no tests, within the frame-
work of explicit phylogenetic hypotheses, have 
been performed to determine whether individual 
ultrastructural characters are homologous in all 
forms in which they occur and whether arc-shaped 
prisms are derived, at least within the Multitu-
berculata. 
A test of the homology of enamel ultrastruc-
tural types in later multituberculates, within 
the context of Archibald's (1982) cladogram of 
relationships among some Late Cretaceous genera 
and a preliminary cladogram of relationships 
among all Late Cretaceous and Early Tertiary 
genera (Krause and Carlson, in prep.), indicates 
that both large, arc-shaped prisms and small, 
circular prisms appear to be homologous, with one 
exception. Neoliotomus exhibits prismatic enamel 
that is virtually indistinguishable from ptilo-
dontoid enamel yet, based on gross dental morph-
ology, groups with the taeniolabidoid clade. 
Neoliotomus appears to have evolved small, 
circular prisms independently; its condition 
represents a homoplasious similarity rather than 
similarity due to a common origin with ptilodon-
toids. The presence of large, arc-shaped prisms 
in the ptilodontoid Cimolodon does not represent 
a homoplasious condition since Cimolodon is 
phylogenetically the most primitive ptilodontoid. 
Based on the distribution of enamel ultra-
structural types on Archibald's (1982) cladogram 
1603 
and our preliminary cladogram, it appears that 
large, arc-shaped, not small, circular, prisms 
represent the primitive condition. Within Late 
Cretaceous and early Tertiary multituberculates, 
Paracimexomys, Cimexomys. cimolomyids (Meniscoes-
sus, Cimolomys, and possibly Essonodon), the rel-
atively primitive ptilodontoid Cimolodon, and all 
taeniolabidoids except Neoliotomus have large, 
arc-shaped prisms. This result allows us to 
reject the hypothesis that circular prisms 
represent the primitive condition within later 
multituberculates. Such a conclusion is corrobo-
rated by the discovery of large, arc-shaped 
prisms in late Early Cretaceous multituberculates 
from Asia (Fosse et al. 1985) and North America 
(Krause et al., in prep.). It remains to be 
demonstrated, however, whether Pattern 1 prisms 
are primitive for mammals as a whole. 
It seems an inescapable conclusion that if 
plagiaulacoids are somehow involved in the 
ancestry of later multituberculates, as they 
almost certainly were, then fully prismatic 
enamel evolved in multituberculates independent 
of its evolution in other mammalian taxa. This 
result confirms an earlier speculation by Clemens 
(1979:199). Furthermore, the small, circular 
prisms found in later multituberculates are not 
homologous with those seen in other mammals 
exhibiting Pattern 1 enamel. 
Future Research 
We offer several suggestions for developing 
a research program to further study the enamel 
ultrastructure of multituberculates and its 
utility in phylogenetic analysis. One of the 
greatest difficulties in studying the properties 
of multituberculate enamel, as with most fossil 
material, has been the rarity of specimens and 
their potential damage during preparation for 
scanning electron microscope analysis. The 
invention and modification of a new microscope, 
the Tandem-Scanning Reflected-Light Microscope 
(TSRLM) has provided a means to circumvent many 
of these problems (Petran et al. 1985). The 
TSRLM permits examination of subsurface structure 
of enamel without the physical removal of super-
ficial enamel by grinding or sectioning. It has 
already been profitably employed in the examina-
tion of primate enamel ultrastructure (Boyde and 
Martin, 1984b). Taxa that are known from only 
one or a few specimens (e.g., Acheronodon, 
Viridomys) can now be examined without fear of 
substantially reducing the hypodigm. Further-
more, some of the problems involved in the 
preparation of specimens for SEM analysis and the 
interpretation of structure revealed after 
preparation, particularly acid etching, are 
avoided. Although the resolution of detail is 
less on TSRLM micrographs than on SEM micro-
graphs, all of the measurements that have been 
employed in the above analysis can be taken on 
TSRLM micrographs. And finally, since the TSRLM 
can optically section materials, it will be 
possible to reconstruct, in three dimensions, 
many of the details of enamel ultrastructure that 
have previously proven elusive (e.g., the course 
of prisms and tubules from the enamel-dentine 
junction to the outer enamel surface). 
D. W, Krause and S. J, Carlson 
It would appear that the major gap in our 
current knowledge of multituberculate enamel 
ultrastructure concerns earlier taxa, particu-
larly plagiaulacoids. Only a few plagiaulacoid 
genera have been examined to date (Fosse et al. 
1985) and therefore the breadth of sampling is 
not comparable to that for later multitubercu-
lates. The major transition in ultrastructural 
types, between "preprismatic" and prismatic 
types, appears to have occurred sometime during 
the Early Cretaceous. Further study of the known 
early Early Cretaceous and late Early Cretaceous 
forms is warranted. Hopefully, multituberculates 
of intermediate age will be discovered and their 
presumably transitional enamel ultrastructure 
documented. 
Finally, a review of the history of past 
work on enamel ultrastructure in multitubercu-
lates is instructive with regard to the caution 
that should be exercised concerning generaliza-
tions derived from sampling only a few specimens 
of a few taxa. Conclusions regarding the homolo-
gy and polarity of enamel ultrastructural types, 
when not drawn within the context of robust 
phylogenetic hypotheses, must also be viewed with 
circumspection. With the continued emphasis on 
extensive sampling of enamel ultrastructural data 
from all known multituberculate taxa and with 
continuing efforts to develop explicit, testable 
phylogenies, it will be possible to learn a great 
deal more than is currently known about the 
evolution of enamel ultrastructure within the 
Multituberculata. 
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Discussion with Reviewers 
M. Fortelius: What are your reasons for accep-
ting the geologically oldest character states as 
the most primitive? 
Authors: While it is true that the geologically 
oldest character states are usually the most 
primitive, we fully realize that such is not 
always the case. In constructing our cladogram 
for intergeneric relationships of Late Cretaceous 
and Early Tertiary genera of multituberculates, 
we have used plagiaulacoids as the outgroup, not 
because they are geologically older (although 
they do precede the Late Cretaceous forms by over 
50 million years) but because they exhibit a more 
primitive morphology. Plagiaulacoids have more 
premolars than are known for any Late Cretaceous 
and Early Tertiary genera. Teeth are frequently 
lost in mammalian evolution and rarely added. 
Thus, it seems reasonable to hypothesize that 
plagiaulacoids are an appropriate outgroup, not 
because of age but because of the documentation 
of primitive morphology in independent charac-
ters. 
M. Fortelius: Saying that arc-shaped prisms are 
primitive implies either that decussation (in the 
sense of relative ameloblast movement during 
secretion) arose prior to prisms (Tomes' proces-
ses), or that Boyde's fairly generally accepted 
scheme is wrong. 
Authors: Boyde and Martin (1984. The micro-
structure of primate dental enamel. In: Food 
Acquisition and Processing in Primates, Chivers 
DJ, Wood BA, Bilsborough A (eds), pp. 341-367. 
Plenum Press, New York) have recently demon-
strated that prisms need not necessarily be 
"arc-shaped" (as in prism packing patterns 2 and 
3) in order to decussate. They observed "very 
well marked prism decussation" in Pattern 1 
enamel in a New World monkey (Callithrix) and 
therefore implicitly modified "Boyde's fairly 
generally accepted scheme." 
M. Fortelius: Considering that decussation must 
have arisen several times independently in 
mammals and that prism packing is severely 
constrained by geometric relationships, is it 
likely that any prism pattern homologies can be 
reliably established between higher taxa? 
Authors: Yes, at least such appears to be the 
case within the Multituberculata. Other cases 
must be evaluated independently within the 
context of explicit phylogenetic hypotheses based 
on characters other than prism packing patterns. 
Before we can use ultrastructural characters to 
infer relationship, we must have compelling 
evidence to support the claim that structural 
similarity is due to common origin. If different 
prism types can be shown to be distributed 
randomly across a phylogenetic tree constructed 
with a large number of independent characters, 
then it is unlikely that they are homologous. 
But if the same prism patterns are not distrib-
uted randomly, a parsimonious interpretation 
would hold that a hypothesis of homology is 
supported. A determination of the polarity of 
prism patterns is based on the relative positions 
of the patterns on the phylogenetic tree. 
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